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WORKSHOP SUMMARY

The purpose of this workshop was to bring together in in

informal setting individuals actively involved in ion mixinq,

and individuals working on high dose ion implantation and its

application to the improvement of surface properties of solids.

The objectives of the workshop included:/

1) Outline present understanding of the basi-

physical processes underlying ion mixing.

4) Compare the approach of ion mixing to

that of high Jose ion implantation.

3) Assess the areas of greatest potential

practical applications for ion mixina.

4) Jldentify critical areas on which future

investigations should focus.

Sununuries of the individual contributions prcsented it ti,

workshop, along with the key illustrations, follow this worksh.,

overview.

The workshop was primarily concerned with mixing phenomena

ohserved for ion energies of about 10 to 500 keV. There is

general agreement that the implantation of an ion into a bolid

initiates atomic redistribution by a number of processes as fe.ws:

Ballistic mixing occurs on a time scale , 10- 12 sec and centai:>,

those processes that can be explained on the basis of enerlctic

dispiacuments w '-h rc .,t in atomic rearrangements in the soliS.
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These processes are athermal. In addition, other processes can

contribute to the mixing in amounts which may depend on tempera-

ture. The present consensus is that the well-established processes

described as radiation-enhanced diffusion are insufficient to

explain the observations. Radiation-enhanced diffusion implies

that a temperature dependence of mixing will correlate with a

flux dependence and in the cases examined, flux dependences have

not been observed. This suggests that processes within the

immediate vicinity of a cascade may dominate.

The available experimental evidence is consistent with the

existence of two temperature regimes. At low temperatures, the

variation in mixing with temperature is weak. The amount of

mixing observed there. however, varies noticeably between

different systems. Attempts to identify this temperature-

independent mixing with ballistic processes only are inadequate

in two respects: i) small changes in masses between two systems

are found to produce larger variations in mixing than can be

explained by ballistic contributions; ii) theoretical calcula-

tions of the amount of mixing are numerically too uncertain to

reliably identify ballistic mixing. At high temperatures, the

mixing increases with temperature. However, the temperature

ranges accessible so far have been too small to clearly establish

the activated nature of that dependence.

There are indications that thermodynamic arguments may be

able to explain and possibly predict the formation of metastablc

phases by ion mixing. Key factors are that the number of atoms

involved in a cascade and the cooling time is long enough so that

5



thermodynamic states can be defined on a local scale. Free

energy diagrams and characteristic times for nucleation the':

should predict which phases will form. For altering surface

layer properties of solids (surface ennoblement), ion mixin

has several advantages over ion implantation:

1) Much larger changes in concentration for

the same irradiation dose.

2) Much reduced influence of sputterinci.

3) InsensiLive to ion species.

4) Facility in new phase formation (metastable,

crystalline, amorphous).

Promisinq and critical areas for future studies shou1.

i lc I udtc

1) Both experimental an(I theoretical studies , f

the functional dependences of mixing in the

temr*nerature-independcnt reqime. Thc a arc

irobably several mechanisms contributinq to

the diffusion-like mixing that is observe:I in

'his reqime, but none of them is vet well

characterized.

2) Studies of molecular effects. These will help

to identify non-linear cascade phenomena.

3) Development of models that explain mixinn

that varies with the temperature without varyinJ

with the flux of the irradiation.

4) Investigations of correlations between trends

observed in ion mixing and those observed in

[ C.



thermal processing (e.g., the dominant moving

species in metal-silicide formation).

5) Studies at the microstructural level (e.g.,

in-situ TEM).

6) Investigation of differences between sequential

and simultaneous deposition and bombardment.

These processes, such as in cluster beam

deposition and film deposition during irradia-

tion, are of interest because of their possible

economic benefits in applications. Combinations

of ion mixing with simultaneous deposition may

load to rather simple implementations. Low

ion energy, reduced beam selectivity, and limited

vacuum are all compatible with the concept of

ion mixing.

i it f1: i apl ications appear to exist in wear, oxidation,

and idih(sion, particularly on critical surface regions of

componnts.

Recent general references in the area of ion mixing

include:

- Metastable Materials Formation by Ion Implantation,

MRS Symposia Proceedinq, Vol. 7, S. T. Picraux and

W. J. Choyke, Eds., (North-Holland, New Yoik, 1982).

- "Ion Mixing", S. Matteson .ind M-A. Nicolet, Ann. F, v.

Mat. Sci. 13, 339 (1983).

- Proceedinqs of the International Conference on Ion I:a

Modification of Materials, Grenoble, France, (Stemb,'-

6-10, 1982); to he publishced in Nuc]. Instr. & Muth.

7



PROCESSES AND NOMENCLATURE

(0 100 keY)

Prompt Processes (< 1 ps).

Athkirmal; high energies.

Ballistic mixing.

- noninteracting collisions ("linear cascade")

- low order collisions ("recoil mixinaV")

- high order collisions (isotropic cascade mix:)

- interacting collisions (displacement spikes, L: "

spikes)

Cooling Down Period (" 1 ps and 100 ps).

Thermally assisted; intermediate energies; thelm, 1::

D. I iI Proco-,sses ( 1 ps and , I h).

Thermally activated; low energies.

P idiation-assisted Diffusion.

- transport by defect fluxes

- transport by enhanced diffusion

Persistent Effects (Z 1 h).

Thermally activated; energies \, kT.

- modified physical and chemical properties

- applications
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1. tn M iixing-Collisional Processes

"Effect of Temperature, Dose Rate and

Projectile Mass on Ion Beam Mixina*"

R. S. Averback
Materials Science and Technology Division

Argonne National Laboratory
Argonne, Illinois 60439

The urderlyinq diffusion lmchanisms involved in,

n'ixing of lay.ered materials are provinq vt',:" elusi.e. It

known that mixing has both temperature dcpe:ndent Ian,,"

ci.ent components, but theoretical understanding of either c>.r.-

0:>nn is lacking. We have initiated s';Stodltc st.u>_s

V, v:m .ratu re , doro- rate and p>roj¢ecti du;,.;c: ..

2 ixi, to provide a basis for future theor-( tieo] censidf 2 2 2.

'Xrt~-,: era ture _______dcz,.., Th' F{:L~ratreDep]ender .m"C:'crnent-Radi -t iev' Erhteucv

.;: msurements of th, mixinq in . ave NI-(

.: t' tt : , of temper-atuic, values of 0.- ;' , . , .

for the apparent activation enth,- pies If i

,:s',ctively. These results might suggest that in the f,.,,

,se ('b-Si) long-range vacancy migration controls the di ff..-

* :.2 and in the latter (Ni-Si) fast interstitial atoms K

, ,:nant factor. Simple chemical rat, tb. or- shows th,

,! :i -, vretation implies that the mixinq shculd al]so de:.:

S,:. -: ,-. For both Ni-Si ,v, Nh-Si, howey-'r, the m'.asur,.

thl,'kn( sses of the mixed layers were not affecte-d by a chanr,,

I C.



a factor of ten in the dose-rate, whereas the rate theory

predicts that the thicknesses should have changed by a factor

of nu 1.8. The null results suggest that the temperature

dependent component of mixing is determined predominately by

intra-cascade effects and not by long range migration of

defects. These intra-cascade effects may be associated with

the individual cascades themselves, or result from the super-

position of cascades onto already highly ion-damaged material.

An example of such a temperature dependent intra-cascade effect

is the thermally stimulated collapse of point defects produced

in the cascade, into dislocation loops.

B. Temperature Independent Component - Collisional Effects

Measurements of mixing at liquid helium temperature, where

defect motion is suppressed, provide information about the

athermal, or collisional aspects of mixing. It was observed

that in Pt-Si bilayers, the mixing at 4.2 K was not solely a

function of the deposited damage energy (i.e. collisional

energy), but also a function of the energy density in the

cascades. By irradiating with projectiles varying in mass from

4 amu to 84 amu the energy dersity in the cascades was syste-

natically increased. it was observed that increasing the

energy density in cascades enhanced the effectiveness of mixing.

Each unit of damage energy deposited by 275-keV Kr ions was

four times as effective as that for 300-keV He ions. This result

and the fact that 300-keV He irradiation produces some cascades

in addition to many low Ce11.rgy recoils (25% of the damage energy

11



for 300-keY He in Pt is deposited in primary recoils o\'.

'b 7 keV), suggest that most of the mixing arises from co-

operative phenomena within a cascade rather than to numerou. ,

but individual, low-energy collisions. These results iic

consistent with a 'thermal spike' model of mixing. They coul:

have important implications for materials modification cn-

siderations, since a thermal spike mechanism lends vwlicJ i•

to the concept of a super-fast quench of microscopic wlu.-s.

Work supported by the U.S. Dtoprtment of Enercy

P, !.,. nc,,s

i. S. MNtteson, J. Roth, ond M-A. Nicolct, R:cI.atior. if ,

2, -17 (1979).

P. Averback, I,. J. Thompson, Jr., A. 2oy]. -d M.

Schi]it, J. AppI. Phys. 53, 1342 (1982).
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Table 1. Effect of temperature and dose-rate on mixing in Ni-Si and Nb-Si.
The table shows that there is a strong temperature dependence in
ion-beam mixing, but no dobe-rate dependence. The results suggest
that mixing is predominantly an intra-cascade effect.

Target Temp Dose-Rate Ax2/
(k) (A/cm 2 ) (arbitrary units)

Ni-Si 10 7.9 1.05

373 7.9 2.47
373 0.71 2.34

Nb-Si 293 7.0 2
293 0.65 2

600 7.9 41.0
600 0.72 41.0

*300-keV Ar
**Nb-Si and Ni-Si are independently normalized.

13
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Fig. 1. Arrhenius plots of ion beam mixing in Nb-SI and Ni-Si. By asslmi2,'

the diffusion coefficient is comprised of temperature dependent an"
independent components, the two components can be separated. This
procedure yields apparent activation enthalpies of diffusion of .

eV and .089 eV for Nb-Si and Ni-Si respectively.
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with 300-key Ar. The dose for ea~h irradiation was 1.2 x 1016/cm2,
but the dose-rates were 0.7IUA/cm and 79ijA/cm2. No effect of dose-
rate is observed.
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TEMP = 10 K
ION ENERGY 300 keV

1.0 -

0.8

0.6

0.4

0.2-4
He Ne Ar KrI __________________

10 100
MASS --

Fig. 5. mixing efficiency as a function of ion mass in Pt-Si bilayers at
10 K. This plot shows that as the mass of the irr;idlatlon parti( I-

is increased and correspondingly the energy density in casca(!c i ,

increased, the effectiveness of each unit of damage enerry fo -

inducing mixing is also increased. The efticlency for Kr

irradiation was arbitrarily set equal to 1.0).
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AD POo 1650

"Models of Ion Mixing"

S. Matteson
Texas Instruments Incorporated

Dallas, Texas 75265

The phenomenon of ion mixing has many facets which are not

as yet well, fully, and accurately described in theory. Two

general classes of models have been proposed:

(1) Equilibrium models which describe transport

resulting from thermal oscillation of the

atoms in a high concentration of defects;

(2) Ballistic models in which the transport is

the product of the radiaLion damage itself.

_j Radiation enhanced diffusion (RED) is a description Qf the

transport in terms of standard diffusion greatly enhanced by tN:

increased concentration of defects (with resiect to thermally

generated defect concentrations) which are necessary for dif-

fusion to occur. Radiation induced segregation is an extension

of RED which emphasizes the oradient in the defect concentra-

tion and the particular boundary conditions that accompany ion

irradiation. Both models predict a dependence on temperature

in high damage rate regimes. The models are most important at

high temperatures (' 200).

At low temperatures ballistic processes should dominate if

they are of sufficient magnitude. Recoil mixing attempts to

analyze the transport as resulting from the direct interaction

of the ion with the atom; the model is characterized as

19



anisotropic, predicting drifts in the centroids of 2har"

impurity distributions. Collision cascade mixing treats the

transport as a random walk-type problem in which the atom is

displaced many times in small steps in successive collision

cascades. Neither model has quantitatively described ex: ori-

mentAl observations to date with sufficient accuracy. 1Lwv,:

,t re-examination of the parameters entering the model m t

duce better acreement. For example, the range of recou.;

very low energy atoms is not well known and is criticnl m

the models.

While the detailed models are inadequate, it seems w, 1i

justifiod by experimental evidence to use a diffusion-]ik.

treatment with appropriate drift terms. Those ad hoc tri:t: t-

have proven very powerful in describing obser-vations. *s

..- °mn ] , the drift of a thin Sn layer between intermixinn ....

11and SI !ayers is explained by tho gradient in the "'di'Jai-"

coef' icient as it increases on going from Si to ce.

Careful measurement of the dependence on the vrimmr m --

meters is crucial to an accurate and quantitative undr,: .

,f io:. mixing.

2 (
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Figur ICaLions

Figure 1 Temperature dependence of amount of intermixing if

Nb and Si layers under Si irradiation. The high

temperature portion of the curve is interpreted as

a radiation enhanced diffusion. The low tempera-

ture part is approximately independent of tempera-

ture and has been interpreted as due to ballistic

phenomena. (From Matteson et al. , Rad. Effects,

42, 217 (1979)).

Figure 2 Computeir simulations illustrating ballistic processes:

Collision cascade mixing (left) is a random walk

problem which is a distribution in displacement

lenqtLs, is rindom in direction, and has a distri-

bution in the number of displacements as wcll;

recoil mixing is illustrated on the right in which

each atom experiences only a few recoils, I . )Iten

of large maqnitude. Because of the much greater

p.'robability of lower energy transfers most of the

recoils are oblique to the ion direction (from the

left) . Recoil mixing predicts a shift of the crn-

troid of the pak with distributions which are moic

lorentzian than gaussian in shape.

Figure 3 The theoretical behavior of thin Ge layers in a Si

matrix under Xe irradiation as described by the

coIl ision cascade model. The qualitative descri[tion

ot neirlv gaussian profiles with little shift in

21
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Fi~ureCations (Continued)

the centroid as well as a depth dependence which

is correlated with the deposited energy density

compares well with experiment. Small shifts aru

predicted due to the gradient in the diffusion

coefficient.

Figure 4 Schematic of potential of inte=rstitial (left)

and substitutional atom (right) in a Si crvstal.

The two atom potential is taken to be the Bor, --

Mayer (exponential) potential for interstltials

and the Lennard-Jones potential for the bound sit

of a substitutional atom. The energy requircd t.

displace nn interstitial is significantly ].ss t

a substitutional atom. The substitutional at,:

must be displaced to the second nearest inter ti 9

site (labeled by letter i). The small arrows

indicate increasing potential. Previous e,.cu]at,

have considered only displacement of substitut Li

atoms. A significant increase in the prcdiction',

the collision cascade model may result from the

inclusion of such an effect, e.g., in the case ,f

interstitial Pt in Si.

Finure 5 Calculations of the redistribution of Sb in SiOG

during sputter depth profiling with oxygen. (The

original material was Si with a thin evaporated

layer of Sb.) The lower plot is the distribution

2.



Fi( ure CaLtions (Continued)

at various time intervals illustrating the effect

of the surface erosion. No preferential sputtering

is comprehended in the calculations.

ifgure 6 Comparison of calculated surface concentrations of

Sb and Sb secondry, ion yields. The aoreement is

fairly good for the assumption of a SiO2 matrix

for the rise of the distribution. The fall of th(

distribution is slowed by the artifact of Sb ion

pick up frcm 71-i. side walls of the sputter cratcr

and prcfer<-iI sputterinq of Si. (Matteson,

A-)ppl. Su:-! .: . I, 335 (1981)).

Fiqure 7 The rOdistribut ion of a 1 nm Sn laver "sandwichc"

between , (V -d ) Si layer under 360 keV As irr:cn-

Otioe,. Tn distribution is seen to shift into th'

.1-1-i - ], ,-. -ther specimens confirm the shi ft

ifto the Ge-rich layer. This can be understood

cascade model in which the "diffusicn"

coefficient increases dramatically on passing from

th,, i to the(,- ich layers.

23
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AD PO01 6 51
"Spreads and Shifts of Markers in Ion Mixinn"

Bruce M. Paine
California Institute of Technelogy

Pasadena, California )1125

One of the simplest conceivablc sample confagurat ins
0

studying ion mixinc in solids consists of a thin (, 10 A)

im,-urit'. lzver (or "ma rkci" ) bu-ied severa l hur:dr, d A dee;p .

an otherwise uniform medium. I' the mass of the, impuri. I,

substair.tially greater thain that of th, medun, then the mixii:.

c f the mrkc r c-in h, m, t o ,d j I . hackscat t n i , snl ect r,

Such t.jxp>orinwnts have be..n co, dctod for a va.yotv -)f m-I-k, y

lm~pnts bur"ied in Si nlu; mrk .. buried .:. ,, and Sic

these, the mixini is urua iv cter i T) t , th nr<CQU,

of th e e fective dJfTusion C, ficient and time and x , the

shift ()f th, . an 1c t he. o! titrlhutiep.. In this 

t-tion, we outl ine th, gener, 1 results of these experiments t,

date, conmpire them with the iicdictions of published models,

and final l,' comment briefl y en present understanding of the

mechanisms of the ion-induced mixing that is observed.

Below room temperature, the mixing profiles are approximt,

,; iussLan for all marker ele-ments M, in media A - denoted A('.) -

,:xcpt Si (Pd) The mixing parameter varies linearly with flu ,->

and is essentially independent of temperature, except for Si (P,!)

Also, Dt seems to scale with nuclear stopping power FD for Si(P .

These results are consistent with the qualitative Kinchin-Ptas,
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model of collisional mixing. The quantitative purc-collisienal

models of Matteson, and Sigmund and Gras-Marti are in fair airoo-

ment with the data for Si(Pt). However, the mean shifts ,.re-

dicted by the latter authors to result from "matrix relocation"

events are in the wronq direction. If "matrix rccatien"' vents

are taken to be suppressed somehow, then the mixing maq-tuc:-

predicted by Sigmund and Gras-Marti are 50 times too small.

Me'-te Carlo calculations of shifts in this system 1.% Roush

are in good agreement with experiment for both magnitude and

direction.

Above room temperature, mixinq profiles are frequently n..-

C oussian, and depend stronql, ,)n tempoeratur-e. No attempts 'it

modelinq these phenomena havo been nubi i d.

It has been general] y ac(-,; ttd that the li -': Wav : r- ,r

tcmn1 :a.ture is caused 1y theriru1 ]v-assist,, at e[ric- 2.qrat 1,..

At l)wer temperatures, the mix:inq ma" be :_Ii-o v cliisiona i

it may be coilisional with some additional t-ansoe-t mechanisms.

:vidL:-:c, for such addit i, , .: .. ,

1-? iTi- is .is follow';:

(a) One system - Si (Pd) - has been observed so far whic'h

does not have Gaussian mixing profiles and for which

the mixing is not independent of temnocrature in this

regime.

(:) The magnitude of the mixing varies significantly,

depending on whic}, element is used -s the marker.

(c) Some of the T-dependent curves other than for Si(Pd)
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that have been measured so far are not completely

horizontal below room temperature: there is a small

increase with increase in T.

Re ferences

Experiment: B. M. Paine, J. Apj 1. Phys. 53, 6828 (1982) and

references contained therein.
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QUANJTITATIVE IIOPEL: flAllESCN
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AD P 0
"Marker Experiments in Si and SiO2"

A. Barcz and B. M. Paine c/ /f
California Institute of Technology

Pasadena, California 91125

To investigate the role of the chemical nature of the medium

and the impurity species in the ion mixing .-rcess, we hav.

masured the apparent broaden _na. of thin metal markers in sin

and compared it with the broadening of markcrs in Si. Sim:1(2s

consisted of markers of thicknesses of the or(er of , 10 A o" I

or Pt imbedded in Si, and of !,t, 1%, fif, Co, Ni and Ti markers

in SiO2 . The Si(> matrices wer, hroear-d v bath chemical va;nor,

de.sition (CVD) and cheical oxidation ('f silicon in a steam
+

atncsnhro. The samples were irradiated with 300 keV Xe ions

-it ?* fl K an.d analyzed Lv M,' P13S (Fi ). 1). The efficienc;,- c

,ht pj i--, opreS sod :!; -th(e Valiae:,co of the rcdist -

but ion of marker atoms due to the ion irradiation. The mixine is

found t() be indol (-ndent -f the method of pr'eparation of the SiO

T7urth,-rr m o, the values of ix for Pt and W markers in SiO 2 arc

a ;ual t- withp ,xvrrienttal uncertainties while in silicon

,cnr Pt t.xcees that for W by , f.ictor of four. For all systems

*ho " :ce incr ,ases Iinearilv with ion fluence (Fig. 2). 'TI,

mixin(. i arameter { ] ) in SiO 2 ( ip.-cars to increase mono tonical I.

wi1 h the atomic number of th, marker species (Fig. 3).

p .-nt rast, the amount W' mixina reported previously in Si

exh i L' :0 ian if ican',. o!uv tit t i%, di fferences for elements of



simi l ir mass. Our measurornunts for W aind Pt makr;in 51

SuIJa)ort this observation. Note that Pt/ : of Fig. 3 is !5; I ied

as 1/2 i*Also, note that the depth of our markers is t)00 A
mix0

compared to 'r 200 A for Ref. I; this difference roughly accounts

for the different values for the Pt marker data in Si.

Diff(ront ('f fjcienc i's !(I!he j-Ion mixincl prcssi 5

So i2 can a iso 1)e- obhserved di ect I y fromn the -isymot ic rf-d i st ri -

22

oiramont (Fig. 4) . These r(.!ul ts suaqestthtfs-ifua vaos

( . q. , 10i or Pt in Si) cain qr riecegia ter r otinud

ion irraidiaition, than 1 . iiobil e sT-ecies, (eg ).In SIC

ni S ~n1 :; tes occelent i: i cheilic, ntun.1H:

*eciu ofa much lower ni1 tisof imncur ities in an~::II.4

:r Au 1) 10 ) eimnr odO)sV.rcs

caiscade (two-na rt ic loco I I is i ons) , delI avee,6 ar-a >:tcinac crtoiL

tios (c~ulnn: or a-: fvm ithe:r ny ain vc r,: 1w

(enmrc-;V it. Cf>l )I-s rol.asct o nafr~ll ix -n:11'l a

,Ii sp~a tn I marI cet I-ibat, s~ ,na a:ica:nt Iv ±0 thee;ca c

oca-t ions ()f mirkor atoms. Vice magnitude of the lct ter n

shouldi thus be rel at (,d t.( t :'crbb li 7  fthralU tivn1

displaicements (dliffusion cnfcet

Permanent Addres3: Inst a utte f Electrical Technel,1c,

Totnik ,6w 40, 012-(168 1arsaw, Polandi.
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AD P00 1653
'Arori Aeistribution in Ion Mi xing of Bil aver Thin Fi I::

11. 11. Jorch and N . D. Wernei
Chalk River Nuclei r Taboratoriics

Atr ,r ii Fnf rqy of Cin, idi Poea rch Co. LTD.
Rl~ iver, r j, Q ad (iviJ-1 J)

An i: it i t u sin f(i f- i i ac, mi i aq "Itherf,

l~i~s7~t~r ii: PS) -nI.i TI i I d! scrihc ,ad ai '

.'rcs na ofo(rY thi n f ilm ( . " i mitoud su: -,)Iv', stiuet*ures

trho A-S i anl Au-'Si sin- ut 'eic sy,,stemF. Wac' irn",CT cos i

able :re tecrreci orientation in th- Ag thin filIms which wasnt

c-scrveri in the Anw films alth'n :h they,% were ianw:ro

This txaieis initi-lly iIci ea1: Nc ' jnaueta

~~~~~~~P ia v. ' R ) & ui

I:. U S:S I:s s vld du, in t hr oa' i, n oc:fa:n -d t c

LU t! 1 I ~ I; i''tt C l to 1-r) Lr'n c n m.

Al thouuh there is n.- cvideoe fce, p:has"or'ai in the

Aui-Si sv sten;, (neair ioom tn aue),th n c% 1 arce different' a

11iinO v''re c rxino ol Si intO Ai Vil 3) Kten 40 K

F8l . This suqqte-ts, th~rocrnai fnrces l'aroeilnna-

inq mixinq at room terncraturo.

In the Au-Si system, no difference in the mixing behavio-r

o)f Si into Au is observed from 55 K to 280 K (Fig. 5) At 300 V,

however, a Au 5Si, metaastablo phase forms (Fig. 6) and after thc

,t ire Au layecr his I-ee(n -unvei 4ted, the mixing is inhibitcdl.
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Growth of this metastable phase p~ocecds linearly with Xe

fluence (Fig. 7), suggesting supply-limited formation kinetics.

The interplay of ballistic, cascade, and free enorgy (thcrmo-

dynamic and chemical) effects severely complicate the evaluation

of ion mixing mechanisms.
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igure CaL t ions

Figure I Preferred ori.unt tifon effect in evaper it(

thin fi]m i forc irradiation (coinpare, 2' hi L].r

"random" leve. in Fig. 2) is enhanced by 21'

after 2.3 - 10I \e cm-2 ion fIuenco. Further

irradiation doses start to decrease the decr-c

(of orient.ition (p~oak level rises closer to

heiA t) , ... 're is still i 271 o- r

10 Xe c

Fiqure 2 With the qO s mple tiltcd to minimize tje, :-

tation rob],:, some effect remains (- 2 ), t

the mi , I' , ; t. 's show i7te. f cin1 :i:ir:.

Figure 3 Cnmnariso f f mi>: ing at 40 K nd rear -csom t-

ture by' me.s-nr no the mean ato. fraction Cf S1

in the A-Si >oi1- -y:l . Lines serve on1. ti.

guide th, eve. The ordinate value is determined

from the averge height of the Ag spectrum in th,

mixed layer (Ag .)eak)

Figure 4 Low-temperature mixing of Au thin film on Si shows

a widening concentration gradient at the intcrfarc

along with a rapidly increasing Si content throuch-

out the mixed Au layer.

Figure 5 Mean atom fraction of Si in the Au-Si mixed film.

At 300 K, a Au Si2 metastable phase is formed and

appeis to retard the mixing after ' 5 Y 10 5 Xe cm

49
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FurCato (continued)

Figure 6 At 300 K, Si is seen to move from the : uLstiltf

into the Au film and stepwise produce a Au Si 2

uniform phase across the film.

Figure 7 Growth of the AusSi 2 layer is shown. Fastcr

growth at the high dose rate may be due to ib ;i

heating of the sample.
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AD POOI 1
"Chemical Influences in Ion Irradiation-Induced Mixinq"

T. Banwell and M-A. Nicolet
California Institute of Technology

Pasadena, California 91125

Ion irradiation-induced mixing can be attributed to two

principal types of processes; recoil implantation and "casca"

mixing, bo-h of which may contribute significantly in bila'er

mixinq experiments. We hay, ( xmined the influence of the

chemical reactivity of the lavers on these two mechanisms.

For this study we chose the :ixing of Ti/SiO2 , CI/SiO2 and

Ni/SiO2 bilavers induced )290 keV Xe irradiation at irradia-

tion temperatures of 77-7', K. The i'allistic processes should

be sirilar for ill thrce svstt.irs since the moetals have slmil- a

atomic masse ; hrnw,,ver , xhi :hemicil1 reactivities with SiO.

ar, very different. Tit niu ' rtadily rea-cts thermally with Sir,

at temperatures above 90 F. Chromium reacts with SiO2 ; hewr cx

the reaction is restrictud hx interfacial passivation. Nickel

does not react with SiO 2 ; a Ni film on SiO 2 will coalesce into

islands after only 1100 K annealing.

The projected ranges and standard deviations for 290 keY Xe

in these metals are 33±2 :,</cm2 and 13±2 .g/cm 2 , respectively.

Metal films of 16, 24, and 34 ;ig/cm 2 were used. The unreacted

metal .as removed with hot lI after the Xe irradiation. The

metil and Xe remaining after etching were profiled by 2 MeV iiu

bickscai terinq st ect rometry.
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Figure 1 shows log-log plots of the areal density V<

of tho metal remaining after etching versu's Xe flucnce X

for R.T. irradiation. A predominately linear relatior.ship

is observed for the Xe fluonco range considered, with

IU lej s d log ' = 0.57-0.73. These results suggest that

sc~ide mixing is the LIOMI.i!It --rocess wt I0-0 C >t c

but ion from recoil implaintaition at the lowest Xc fi ucnce.

Figjure 2 shows the backscattering spectra for the 24 ;(7/cm'

Ni samn:Jes after R.T. Xe irradiation and etching. The in-

flections in the logarithmic pots of the Ni profiles aon

!.4 MayV indicate that two processes contribute to Ni traris;-or't.

P( ve-i Iimp 1an taition coul Ic] a xuee the deer, I incar ti

5 ~c I~rfetuesare aervlin the residual Ti jprofili s.

p' g e sho w5 t hat t he of the Ni counts ii-, the f i >

,rie of W th,, Ni c il itrdie aol is aI lineal fun."cticrno

f Iueo~*.for R.T. i l io.A sinai 1 deoendcne, oni NIi

filIm t h i k e s - i s n)o tc 0 T. V'-sc results can:) alsc attri-,cute

to re coil im-],i tation. t, rnclude that. the lon(- range traiys-

i.;rpi 5 rt t(]nfat(2] Jt t- it-(-,il impnirt ation while aced

Mix n amnte rnc''I ir the meta--1ic nt. fce

I'ic.urc 4 shows the e.ffec-t- of temperature. )n the miixinlg po

Both Ti and Cr show enhanced mixinci at 750 K, while mixino is

suppressed in Ni. Therec is stroncg corrcl ation between these

re(sults and the chemistry associated with thermil*neii.

16 -2Fjjigur 5) shows the profiles for Ni and Ti with 10 Xe cmr

i iraldit ion at R.T. aind 750 1- The int-irfa-ciial region is

stroing Iv affected by te-.mperature whereas thle deep tail is nlot.



Nickel irradiated at 750 K displays an exponential tail as in

Fig. 2 with a linear X dependence as in Fig. 3, although the
'XC

slope is 30% less. The influence of chemistry is again smer.

in the results for mixing of Ti/SiO 2 induced by Xe irradiaticm-

at R.T. and 750 K, shown in Fig. 6. The enhanced mixin at

750 K is eliminated by incoro rating 20-30 at. 0 0 in tht. Tri

layer r-io- to irradiation. The extra 0 may Ciminish th.

chemical driving force in the Ti-SiO 2 systcm.

Fr ,m these results we conclude that ch.mistrv has !itt

direct at feet on recoil implartation. "Casc-de" mixinq

is StI 2-nu0V influenced h. ] er- I chemical i rocesses.
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II. Eon Mixing-Material Processes

"Sputtering and Ion Mixing ifr CrSi2:

Temperature Effccts"

U. Shreter

California Institute of Technoloqy
Pasaden't, California 91125

Ion mixing and sputtciinc are influenced by the sa..e

transport mechanisms durinq irradiation. Both prompt and

Sdelayed processes are expected to affect mixing as well as

sputtering.

It is known that mixing of a Cr laver on Si is stronql

temperature-dependent above room temperature. CrSi 2 was

chosen therefore for the investigation of temperature effects

in sputtering.

Measurements of sputterinn yields and composition profiles

have been carried out using backscattering spectrometry fo:

samples of CrSi 2 on Si irradiated with 200 keV Xe ions. When

the CrSi 2 layer is thinner than the ion range, the sputterinc

yield ratio of Si to Cr increases from 3.5 for room temperature

irradiation to 65 at 2900C., For a thick sample, the correspond-

ing increase is from 2.4 to 4.0 only. These changes are explained

in terms of a rise in the Si surface concentration at 290°C.

The driving force for this process seems to be the establishment

of stoichiometric CrSi 2 compound. Transport of Si to the surface

is by ion mixing in the thin sample and thermal diffusion throuh

the thick layer.
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PO1f56
USE OF FREE ENERGY DIAGRAMS TO INTERPRET

ION BEAM MIXING DATA

W. L. Johnson

W. M. Keck Laboratory of Engineering Materials

California Institute of Technology

The interpretation of ion mixing results involves the combination

of thermodynamic and kinetic concepts. The use of thermodynamic concepts

implies that local regions in the vicinity of a cascade achieve some for,

of metastable equilibrium durinq the relaxation period following prompt

cascade events. This implies that within these local regions, certain

thermodynamic variables have well defined averages (e.g. temperature,

,omposition, etc.) while other variables (e.g. long range order) are

constrained to assume non-equilitrium values by the kinetic restrictions

imposed during the relaxation process following the prompt cascade events.

In order to describe the metastable thermodynamics, one can use free
I-3

energy diagrams. The diagrams describe both equilibrium and metastable

equilibrium states. For example, the schematic figure following describesa

simple binary eutectic alloy such as Au-Si at low temperatures. The curves

%(- and E- represent terminal solutions while the curve labeled Amorphous

represents an under cooled liquid alloy. The lower horizontal dashed lir,,

is the common tangent of the cv- and 6- curves and represents the two-phase

i-, equilibrium state between the terminal solubility limits XA and X .

The upper horizontal dashed line represents a two-phase metastable
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SI I

equilibrium of a-solution and amorphous alloy. Curves a- and -- relresrr

single phase metastable extended solutions between compositions X, and X,

The curve labeled amorphous represents another single phase metastable

state. The diagram provides a direct measure of the free energy differen-es

between the equilibrium and various metastable states. The downward

vertical arrows represent various possible steps in the relaxation beha.

of a locally excited region in the vicinity of a cascade. The local

region of average composition XC relaxes from a very hioh energy state

downward into several possible final states. The possible final -t.ate'

are in order of decreasing free energy: 1) single phase c, 2) sinole

phase amorphous, 3) two-phase i (composition %, XA) and amorphous (com-

position XD), 4) two-phase a (composition XA) and (composition XB).

We notice that relaxation processes lead to final states of two types.
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States (1) and (2) are compositionally homogeneous. We say that the

reaction 1 - 2 is polymorphic (involving no composition changes). Reac-

tions 2 - 3 and 3 -, 4 involve compositional segregation. The time re-

quired for nucleation of polymorphic transformations should scale with the

number of atoms in a critical nucleus of the new phase. For crystalline

phases with large complex unit cells (e.g. o-phase, ;-phase etc.) this

time will tend to be longer than for simpler phases (e.g. Cs-Cl type)

with small unit cells since critical nuclei sizes will tend to scale

with unit cell sizes. The kinetic restrictions during relaxation follow-

ing cascade events should thus favor polymorphic reactions into simple

byproduct phases. Compositionally segregated final states (3 and 4 above)

require longer nucleation and growth times than polymorphic final states

since atoms in the nuclei must not only order but differentiate co7oosi-

tionally within the nucleus of eacn, nmw phase. Such processes recuire

times which scale roughly with the square of the number atoms in a

critical nucleus of the new ohase. The time scales for nucleatior of a

segregated state will thuis tend - :e far larger than those for poly-

morphic reactions. We can su-riz by saying that ion mixing should

most readily rrdu:e poivmoephi: final states of simple crystal structure

(or no crystal structure, .r. an'c rphous). Formation of complex

crvstalline final stats with larne unit cells or compositionally

seqre.ated fina states shc':Id 5,) s'uppressed during relaxation followin g

prompt events in cascades. Torether with free energy diagrams, these

rules should allow ore to predict the preferred final states arising

follnwini ion mixingi o' hInarv layers or irradiation of binary alloys.

The ib:)ve summarv is, hrief, a more rietailed discussion will be published

shnrt5 /

7 ,
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References on free energy diagram

1. R. A. Swalin, Thermodynamics of Solids, (John Wiley & Sons, New York,

1962) see especially Chapters 9, 10, 11.

2. A. R. Miedema, "The Heats of Formation of 1,lloys", Phillips Tech.

Rev., 36, 217 (1976).

3. L. Kaufman and H. Bernstein, Computer Calculations of Phase Diac-a-,

(Academic Press, New York, 1970) Chapters 3 and 4.
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"Ion Mixing and Phase Diagrams"

S. S. Lau
University of California, Sari Diego

Lc-, Tol ]a, California 92093

X3. N. Liu, M-A. Nicolet and W. I. Johnson
California Institute of Technology

Pasadena, California 91125

Interactions induced y i(,n irradiation are generally

considered to bLu non-equilibrium processes, whereas phase

diagrms ar: dtormined b blse equilibria. These two

entities rulurureAt(tud. However, if one assumes

that :uasi-ea uiii rlu, ,nditions prevail after the prompt

events, subs'I-;uent -. nc-t ora are driven toward ecuilibrium

.'' ,m dr n .c tfu-ctr.s, 1incier this assumption, ion-

ireuced r.t ls ,,-, I )a!,, to e(uilibrium and therefore

to has, dJiirams. This r,1t i.onship can be seen in the

simila riv that oexists in thi:, films bctween reactions induced

b: ion irradiatinn aid r, , :ns induced by thermal annealing.

in the latter cas,, p]as, dinrans have been used to predict

the phase sequence of stable compound formation, notably so

in cases of silicido format on.

Ion-induced mixing not only can lead to stable compound

fC)rmation, but also to met istable alloy formation. In some

metal-metal systems, tormi.nal solubilities can be greatly

,,xft'rd 'd b hy ion mixing. In other cases, where the two con-

stit i,,nts of the system have different c-ystal structures,

77
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extension of terminal solubility from both sides of tb'_ Thase-

diagram eventually becomes structurally incompatible and a

glassy (amorphous) nixture can form. The composition range

where this bifurcation is ]ikely to occur is in the two-;has,

regions of the phase diagram. These concepts are potentially

useful guides in selecting metal pairs that form metallic

glasses by ion mixing. In this report, phenomenological

correlation between stable (and metastable) phase formation

and phase diagram is discussed in terms of recent experi-

mental data.
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BRtAY R CASE at a~er~!r~-

TABLU 1. Jon-1nduc-,i Interactions in Transition Metal/s;

Systems fad 1  ted from Re f. : B.Y.Tsaur, ir.

Proced1.T- f hSyn-( sur-cr_ Thin rl- Irlt~rl-

and Intcl.Ict lons, J. E. E. B,,71I1 Ord J. M. t2

(The Electrochemical Society, Pru'.cetor.,,1~

2, p. 205)

Mealsi logCompounds observed Phase Formed
Nata/SiCompsiton Pase by Thermal

compsiton Pase Anrnealing

Ti/Si N +6 a Ti Si 3  TiSA

Ti/Si Ar 0 Kir , TiSi 2  Ti512

V/Si Ar 'Kr , %VS i2  VSi2

Cr/Si Ar 4Kr *0 %CrS12  I -CrSi 2
Xe'

res rF*, %PcSi e eSi
Xe+

Co/Si Ar Klr * 4os Co e CoS

Ni/Si Ar ' r Ni2 si wCoi " 26i

r4b/Si Ar NbSi 2  I bSi 2  IlbSi 2

Nb/Si Si NbSi2  NbSi t WbSi2

Nb Si 3  Ub Si tt VbSi2

Pd/Si At K' Pd 2 SI Pd2 Si Pd 2 61
Xe+

NM/I Ar' Kr, HfSi - Mi

Pt/Si Ar' .Kr'. Pt 2U1 Pt 2 5 Pt 2Si
xe'

U/fto/si An WSi 2 rNOS1 2  SL 12 /1oS612

NbS sGe 1"1i2 Nb~i 2



FOR TRANSITION METAL-SI SYSTEMS, THE FIRST PHASE

FORMED IS THE SAME FOR ION MIXING AND THERMAL ANNEALING.

INM - THERMAL ANNEALING

Now, IS THERE A CORRELATION BETWEEN THERMALLY INDUCED PHASE

AND PHASE DIAGRAMS?

YES. VIA THE WALSER AND BENE RULE.

THE WALSER AND BEN RULE STATES:

"THE FIRST PHASE FORMED IS THE

HIGHEST CONGRUENTLY MELTING

COMPOUND NEAR THE LOWEST EUTECTIC

COMPOSITION."

EXAMPLE: PT2SI IS THE FIRST PHASE FORMED IN PT-SI SYSTEM.

NI2 SI IS THE FIRST PHASE FORMED IN NI-SI SYSTEM.

." FOR COMPOUND FORMING TRANSITION

METAL-SI SYSTEMS

(BILAYER - UNLIMITED SUPPLY)

IM THERMAL ANNEALING PHASE DIAGRAM

CORRELATES

NEED METAL-METAL EXPERIMENTAL RESULTS TO CONFIRM THIS CORRELATION!
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STRUCTURAL DIFFERENCE RULE: To MAKE METALLIC GLASS

IN BINARY SYSTEM

(I) DEPENDS ONLY ON CRYSTAL STRUCTURES OF A. B

(II) NOT ON ELECTRONEGATIVITY

(III) NOT ON ATOMIC SIZE

UL

E

A %of B B
F C.C.) B.C.C.

\H.C. P

10 - - 00
I Amor

-5- Amor A+- 50

~MXt: €

2 _ __ - 2 0 .vo

sometime amorphous phase
dissociates upon relatively high
dose irradiation.
MX Is of h.c.p. structure but is

different from the H.C.P

84 wmetal A in size.



SUMMARY

1) GENERALLY SPEAKING, IF PHASE DIAGRAMS SHOW IMMISCIBILITY

-I DIFFICULT TO MIX BY IONS (I.E. Cu-W)

2) BILAYER - UNLIMITED SUPPLY

FOR METAL-SI SYSTEMS, IM - PHASE DIAGRAM

VIA

WALSER AND BENE RULE

NEED METAL-METAL DATA

3) MULTILAYERS - LIMITED SUPPLY

METALLIC GLASS CHOSE BINARY SYSTEMS WITH

DIFFERENT CRYSTAL STRUCTURES,

GENERALLY SPEAKING - PREFER TWO PHASE REGIONS.

4) THIN MARKERS - BALLISTIC EFFECT EXPERIMENTS

COMPOUND FORMATION, THEREFORE PHASE DIAGRAM,

PLAYS A ROLE IN THE SPREAD OF THE MARKERS.
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00
"Ion-Induced Reactions, in Thin Film Structures of

Al and Near-Noble Metals"

0M. Nastasi, L. S. Hung and J. W. Mayer
Department of Materials Science and Engineering

0 Cornell University
Ithaca, New York 14853

Thin film Pd/Al, Ni/Al and Pt/Al interdigitated sam;;1es,

either thermally reacted to form intermeta]lic comr-ounds

(Fig. 1) or left in their unreacted state, were irradiat'cd

14 154
with Xc ions to doses of 2 1- In to 2 x 10 Xe ions/cm 2.

Only crystalline compounds of the simplest structure, cP2

could be identified by electron diffraction (Fig. 21. Com-poul:ds

of a more complex structure thln cP 2 decompose upon irrcadiation

into an amorphous mixture .nd elemental constituen-s. Table 1

j>resents a summary of the results found in all three metal/Al
1)1

systems

Wheh Pd/Al, Ni/Al a-d Pt/Al bil!i'ers crc ion reacted, RBS

studies show the evolution of steps in the backscattered sionals

(Fig. 3). Electron diffraction studies of the mixed samples

do not confirm the presence of the compound suggested by RBS.

Instead it is found that th- only crystalline phases formed by

ion reaction are of the cP 2 structure typo (Fig. 4). In the

Pd/Al system, the broadening of Pd diffraction lines (l'iq. 5),

as a result of mixing, indicates an enhancement of the Al

solubility above that found thermally. In situ TEM thermal V
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studies were carried out to determine the first crystal phase

formed through thermal, reactions (Fig. 6). Table 2, below,

lists the results of this work. The fact that fair agreemelnt

exists between the first ion induced composition, determined bv

RBS, and the first thermal1,% formed compound, suggests th.t

chomict.l drivino forces -re in operation durinq the mixinq

process. But, the obsrvition that the ion induced comPrsit i,.s

do not corresoend to crysta l I ine nhascs identi'ied Iv dif jr ic"

indicates that the high w{uench rate, non-eiuillbrium charact.r

of the cascade pres(ents limitations on what phases are kineticilly

possible from a nucleation noint of view. Fiqure 7 presents

the equilibrium phase diagrams for the metal/Al systems stulicd

and indicates the reactions observed in the bilavered structurs;.

FtR5 I F447T " ' , R S
T  

!

Pt/Al Pt,.11 P'o 'A!60  a

Ni/Al N.A I N 25 A, 5  NAI

PC/Al PdAI 4  Pd 6 , Al,3 PLAI

Reference

i. I,. S. hung, M. Nastasi, J. Gyulai, and J. W. Mayer, Appl. Phys.

Lett. 42 (April, 1983).
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Interdigitated Samples, Thermal and Ion Reactions

System Thermal Reactions Ion Beam Reactions

Compounds Structure 500 KeV Xe, 2x 1015 /cm 2

Pd/AI PdAI 3  a ,At

PdAI3  h P5  PdAI(H) + a

PdAt(H) c P? PdAI(H)

Pd 2 AI oP 2  a ,Pd

Ni/At
NiAI3  oP 6  a +Al

Ni2 AI 3  h P5  NiAI + a

NiAI c P2  NiAI

Pt/At PtAt2  CF12
Pt2Atz cF 5
PtAI 3 h P5

a

Pt2 
At

Pt 3 AI tP 4

Remarks: c, h, a and t refer to cubic, hexagonal,

orthorhombic and tetragonol F and P refer to alt

face-centered and primitive. Numbers refer to

the number of atoms in the unit cell.

.. r 7i tr te( s nnre r .i t r for the an"AI, :;/ : ,

.The:," results indica.- thr c.ri-x the c , -:'4: - i.\.. , i

w hit" he sinplest, st .cture, c . .e. cfsiUrn ch', i C'r C ,;Ur'.ive :

irrnv t tio.n while compoun wi n m..e complex tr ,; r e N'., rn4,

FL ,rr~h'jus and elementr r'jtrrial.

>8



DISTANCE-
S500 A

LJz

0

~SUBSTRATE* NaCI or S10 2

1800 Fn

1500

LJ

0 50 100
Al ATOMIC PER CENT Pd Pd

ANN~EA4L 3r-,OC, IHOUR

PdAI 3  Pd2 A3 P dAl (H) Pd2 Al

Fisr. 1. Flectror. rfrc 1ic i",rnrl from~ rmitii-le layered Pd/Al1

stunples fit f,-!- 1 hr. showing the fornaticn of' single

*~hiqf allf-r i i: c!:- h (nrrrnn. The top part of the
~'i~r' r'r~r: ~;~h': irf vthe v*truwturc ef the sam~ple.
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ANNEAL 350 0 C, I hour

PdA13  Pd2 AI3  PdAI (H) Pd2 AI

Xe IMPLANT 500 keV, 2 x 1015 /cm 2

a+AI PdA + a PdAl (H) a.Pd

r%-ins~ crynta11ine aft er i- lar. ca
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3 meV 4 He*+
700 TILTED

1600 600

Z3
z 600 keV Xe
D 2 Pd AI x 1015 cm"2

2!P67I 33
I.IJ
>- _ Pd67AI 33

z
wI--

HI - Pd

Al Pd6 7 AI 3 3

0 1.4 1.6 2.4 2.6
ENERGY (meV)

Fir. 3. RBS spectra from an ion reacted Pd/Al bilayer. Step evolution

in the spectra resulted from mixing by ixlO1 5 Xe ions/cm 2 at 600 KeV.

Ctep highs Indicate the form-ation of a mixed layer vith an approximate

c-r pozition of d 6A33.
- 91



Pd/Al BILAYER, 600 keV Xe

2 x 1015/CM2  6 x 1015 /CM?2

-J

0

z

z

PdA

A,

.. ii. 4. Electron diffracticn Patterns of 600 Kev Xe reacted bilayers.
Diffra-tiol rings from sa~plcs imp-lanted with 2x101 5 Xe ions/cm 2 indicate
the presence of Pd, Al and the compound PdAl. At a higher dose, 6X-10 /',
complete attenuation of the elemental Pd signal is observed along with
an enhancement in the PI-Al signal.
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4 Al Pd 600 KeV Xe

P dAI Pd/Al Solid Soin

00, Lattice Parameter (A)

Al 4,049

Pd 3.890
PdAI 3.049

Pd/Al Solid Soln 3.89- 3.98

Ad~

Pd/Al, As Deposited Pd/Al Solid Soin.+ PdAI. Al

1 0 x 1015 /CM2

Fig. 5. DiffractIon Pttterns frori both as deposited and ion mixed
Pd/Al bilayers. 1!.ft~-r Mixing the diffraction lines become broader
indicatin~g the iY nrrrcration Id into the Pd lattice beyond the
eriulibrium s' ,IiJ soubility.
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THIFPMVAL HISTORY, Pd/Al BILAYER IN SITU TEM THERMAL HISTORY

I Pd 8001/4001

Al Pd

if rPd ~ . d A

40

cr 200

Pd /Al As DEPOSITED Pd PdAi5 PdA / Al

200*C

Pd 10 20 90M (00IN) 2
- PdA 3  

{ Pd2A' ________

Pd/d 2 A~ 3&C l AO~r PE CEWOP

6,'0 
A 

InC 

9 
1

Fir.~~50 k.P/lblyrtemlhsor.()Eeto ifat

patternr obtained from in situ T~ thralsuesoPdlblyr.
(b P/A hae ia-m log ih tera hstrycrv sown
the has seqenc fond fom he i siu terma rE stuies Th

firs comoundfoun to orm hermlly as000'~
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"Ion-Beam Induced Chanqes in Alloy Composition"

L. E. Rehn and if. Wiedersich
Materials Science & Technology Division

Argonne National Laboratory
Argonne, Illinois 60439

In qenera], point defe.ct fluxes transport a] loyii. ,,: Om rt 2

in prop)ortions which difft.r from the hulk alloy concentrrti -i.

Hence, even in initially homogeneous alloys, the loc-l cn.:.-

0tration will be altered in any region which experience-s !; ,ct

influx or outflow of defects. Because larae numb ,rs of :*)int

defects are introduced by each implanted ion, preferential tr-r.s-

-:)ort of certain alloying components by persistent defect § uxc s

generated durinq ion bombardment can be highly efficicnt in

nodi t'ino; neear-surface allo compositions. This ncne'ui1ibriun,

r .(!i It ian-induced sea rena.. io, (P1S) adds a further c de,r(

co:~l.xitv{ to the ion-implantation process. In a moe :,sitvr

vein, hcwecr, the established existenc(, of strrno PiT ,fct -

3houl I d allow certain mater ial Is m(di f ic]t ions to bV achi2,--I 2.

efficiently, and make possil[le additional types ' modlflactio

which otherwise would not be fe-asible

Considerable progress has occurre\ ovcr the last :ew v,,t-

in our basic understanding of RiS. A stronq cctrr', 1,,t io:: h )s

. . . shed 'b twcc-, c t the t t Ca7 ' ,1.,

'illo'!/ing components and the (direction of sccrc(;a tion. T0 a

great (extent, elements which decrease the lattice Parameter

alloying are observed to move in the same direction as the acf",
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flux, while alloyinq components which expand the lattice are

found to move in the opposite direction. The size-effect

correlation lends strong support to the idea that pr'fc ,mti i

transport by interstitial fluxes generally dominates the sc-re-

gation process.

Very detailed and systematic studics of RIS have bec:n pi-

formed on Ni-Si alloys. Rate constants for the' Qrowth n'

radiation-induced Ni 3Si surface coatings were measured and

used to determine the dose, dose-rate and temperature dependences

of RIS (2 ' 3 )  Relatively simple models account quantitatively

for the observed effects in terms of point-defect properties

and irradiation pirameters. The qood quantitative agreement

between the models and the expoerimental rFsiflts provides -!

basis for ext racting information about more general aspects ,I

ion bombardment at elevated temperatures from the measured

growth-rate constants. For example, most radiation-induced

microstructural modifications (such as the coating growth) are

driven bv those defects that escape the parent cascade and can

migrate long distances before annihilation. The RIS results

show that when normalized to the same deposited damage energy,

heavy iof- bombardment is much less (e 5%) efficient than lioht-

ion bombardment at producing lona-range migrating defects. Thus

light-ion bombardments appear advantageous for ion-beam modifi-

cations which require long-range defect migration, e.g. modifi-

cations by RIS or alloying by radiation-enhanced diffusion. This

increased efficiency for production of migrating point defects

can be contrasted with the observation discussed by R. S. Averback
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at this workshop that heavy-ion bombardment is more efficient

for mixing metal-silicide interfaces.

The mean square average diffusion distance for both

vacancies and interstitials can be very large at elevated

temperatures (> jm's in Is at 5001C). Consequently, defects

which escape the implanted region at elevated temperature can

produce compositional and microstructural changes to depths

which are much larger than the ion range. A particularly

dramatic example of this occurs during ion sputtering of Cu-Ni

alloys, where significant chanaes in composition arc produc<i

to depths which are three orders of magnitude greater than th,_:

implanted layer. Because of the large defect mobilities, and

the tact that diif usion pirc(,ssus must compete with the rit(_e

of surface recession, the effects of defect production (ballistic

mixin;) , radiation-enhanccd diffusion and RIS become sepai-At, d

spatially during ion sputterinq at elevated temperatures, and

(4)thus can be studied simultaneously in the same alloy

Re fe rences

I. ,. ":. Rehn, in Metastab]( Materials Formation by Ion

Implantation, S. T. Picraux and W. J. Choyke, Eds., (Elsevier

Science Publishing Co.Inc., New York, 1982), MRS Symposia

Vol. 7, pp. 17-33.

2. R. S. Averback, L. E. Rehn, W. Wagner, I. Wiedersich, and

P. R. Okamoto, submittted to Phys. Rev. B15.

3. P. R. Okamoto, L. F. Rehn, and R. S. Averback, J. Nucl.

Mater. 108&109, 319-330 (1982).
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4. L. E. Rehn, N. Q.Lam, and H. Wiedersich, to be published.
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-Ton-Beam Induced Chan 9es
in Alloy Composition
(Ro/e of defect fPluxes)

Homogeneous
AIIoy(,.-( Demixes

Nonecquilibriurn Effects:
like ion-beam mixing they offer
higher efficiency, 9reater lexibility
but may produce unwanted aefects

a. con be quite large
b. can be understood in simple terms

Talk --+ 2 parts
1. Radiation-Induced Segregation-Ni(Si)

IT. Sputtering of Cu-Ni Alloys

H. Wiedersich, R. S. Averback, P R. Okamoto

In

4,



1.) Radio tion -Induced Segreqtion
Preirrodiaction

Undersize 
o

Oversize
(Al1) *

Pee ct Sinks

Defect Sources
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Rutherford Backscatterin9 -
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Dose-Rate Dependence

50--- 00 0 Ao

/0/

)"0 0

ECL

w
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Production of Iligroting Defects
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"High Energy Heavy Ion Induced Enhanccd Adhesion"

Marcus 11. Mendenhall
California Institute of Technology

Pasadena, California 91125

DESCRTPTION

Interfaces bowbarded with ions in the electronic sto :inv

regime (E - 00 keV/amu) can be bonded together quite strongiv.

Metal-metal, metal-semiconductor, metal-dielectric and dielectric-

dielectric combinations have been successfully bonded.

ADVANTAGES OVER LOW ENERGY TECHNIQUES

1) The technique is universal: All tested combinaticuns

of materials show enhanced adhesion including difficult

systems such as Ag on Si.

2) Very low beam dose required on many systems: For Au

on Ta, 20 MeV Cl requires only 2 x 10 13/cm 2 ions.

For Au on PTFE, I x 10 13/cm 2 of 1 MeV protons is

sufficient.

3) Low damage to conductive materials - High energy heav'y

ion beams do not significantly sputter or disrupt metals.

This allows thin optical films, for example, to be

_rocessed without :r-, - chanc-es in ctical proi<wrti,,.

4) Lonq Beam Range - Beam particles are implanted about

10 jim into the target, allowing fairly thick films to

be bonded.
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5) Very shallow mixing depth: No mixing has been seen

at the 2 nm level on bonded systems. Any mixing

occurring is expected to have much shorter range

than this since ions in the electronic stopping

power reqime do not produce many high energy recoil

particles.

DISADVANTAGE OVER LOW ENERGY TECHNIQUES

1) High energy ion beams require very large accelerators

which are expensive and produce hi-h radiation levels,

requiring substantial shielding.
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Tablc 1
Material Combinations Tested

for

High E cgy I leavy Ion Induced

Enhanced Adhesion

Table I lists the various substrate, film fnd beam combinations we have tested

for enhanced adhesion. In the dose column, numbers preceded by !?,or - have been

measured using movable slits to define the beam shape, so the actual dose is not wel

known. Numbers preceded by < have been tested at the dose shown, and show adhe-

sion, but lower doses have not been tried so the threshold may be mcli lower.

Numbers without any prefix represenl vlues measured as described in §4 2 z.:d

should be reliable to -V2. All numbers r'p;,, t'cnl the dose rcquired ',n pas.s Hi ,c ""

Tape" test.
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SUbot rate Film Beam Dose Comments

Au 20 MeV Ul -fx.O 4  Residual adhesion is very good

Unirradidted samples often pass
tape test.

S1, n-type '10 Q-cM 
tp et

Ag 20 MeVCI 1'2x0'5 Very low residual adhesion except

when sample not rinsed in methanc.I
after HY dip Then, residual adhe-

sion is near the tape threshold.

Au 107MeVKr fx* 0 12

Au 17 VeV Ar 2 fx-, 013

Au 27 Mc' V Ar 2x -0,

Au 20 M 25x013

Au 7.2e"V Cl 4 5<x:13

Au 3 2 eVC flX 0 m

Au 12 VcV F 'x I019

Ta

Au 37MeV F I 3xPo
14

Au 35 'M.eV 0 x' n14

Au MeV I I( fx

Au I V 1 3x'018 Peak adhesion is very weak Very lit
tle material is left after the Lapc
test, but there seems to be a ruoM

threshold for none vs. what little

remains

,__. 20 .e0 % CI ,, 1_ 04_

'Herkeley run:-, li:Lud do.es c,. ..... , n frcri m''an ured vathr hy
q): -h', " .' h - 7 ''.. - "n ,. ,lnr, ',w Q 'T ,i:ta.
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Table 1
(cont'd)

Substrate Film Beam Dose Comments
________(#/cmn)

Au 10'7 MeV Kr 1.5x1O 3

Au 20 YeV Cl bx:01 4

Fused SiO2  Au 12 McV F >5×X016 No adhesion observed with "2 MeV F

beam.

Au 27 MV Ar -v3x1014

Ag 20 MeVCI <2xiO14

In1l p-type ,001 0-cm Au 20 MeV CI <bX0 14

GaAs. heavily doped Au 20 McV CI Ix0 14

W Au 20 VeV CI < X, 0 14

Teln~Au I MVcV 11 -,.× l

Tenoni Au 1 MeocH -3ne013 Higher doses burn substratefP°l'ytetrafluoroethylene~u !Ve i 1

Topaz Au 20 VeV CI b xT 01
AI-:.S 10,,((O 11,- F) 2

Pd 20 (e CI <x0 5

Ag 20 V , ',.I

A!Lumina /Slica/ Cu 20 V'\ C 3x:0)I

M ag n esi a
Glass-C'eramic

Ferrite Au 20 eV Cl -xo

7-Carbon Ag 20 VeV CI x 0l  "Tiese films seem to decornpo;w
(See §2 1 4) under irradiation The adhesion wa--

at best weak, and where the metal
peeled, the 1-carbon had turned dark
brown underneath. I suspect that
the films wore reverting to graphite
(as diamond i wont to do)
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Figure 10
Expnnded View of Ag Edge

on

TBackscattering Spectrum

from

Multilayer Ag/Si Target

This spectrum is an expansion and comparison of the high edge of

the silver peak from an irradi~ited 'ind inirradiated part of thc target

The riirvc plotted with the symbol + is from the irradiated area. The
curve plotted with the symbol *is fromn the unirradiated area. The +

curve is not raw data; it has been translated along the x-a>~is by 17. chan-

nels to the right and interpolated back to integral channel numbers to

remove the effects of the slig7ht carbon buildup on the target. Note how

well the edges agree;, there is no visible evidence for any broadeningr that

might be caused by mixingc.
The + curve is 3-Mar-1903 run 7, interpolated

The *curve is 3-Mar-1983 run 10
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Fig. 21 Beam Dose vs. dE/dx for Au on Ta

000

1000

No

o to 3

3D
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Figure 21

Plot of Beam Dose Required to Pass Tape Test

us.

d E/dx for the Ion Beam

on Au on Ta Targets

(see §4.3)

T'his plot shoiws the depencivnce of beam dose required to produce

silff icient adhesion to pass the "S-otch Tape test oil the energy lo:s of

t ., t, '', The points plotted ;roe

1 20 McV Cl

2 7.2 .MeV CI

3 3.2 MeV C1

,1 12 MeV V

) 3.7 MeV F

6 1 MeV It

7 1 MeV He

A t07 MeV Kr

13 35 McV 0

C 27 MvV Ar

D 87 MeV Ar 4

and the line plotted is Dose I.2XlO(d/dx')- lr. The point for pr,-

tons has substantial uncertainties, since the peak adhesion for protonl

was very weak. However, the rest of the points should be rc1 atle to

i'hin -,/-2.

All points marked * above were run on the LBL 88" Cyclotron. As is

described in §4.3, they have been adjusted downwards by a factor of 2 so

that the 27 MeV Ar point lies on the curve from data obtainco at Cat . h

If the adjustment is omil.ted, t'ic -lope of the curve docs not c1,al2e

significantly (since all the 1,131, points a-e internally consi!tent \<l> t}..s

slope), but the multiplier for the doses increases by I
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"TO i noi (2 L yr on Steel
Sf ot.of rm-rities During Ion Mixingj"

F. S. (Grabowski and R. J. Colton

N ~'search Laboratory

'.Washinc~ton, D. C. 20375

K.Chi1n a.C. R. C1 nIytol.
A Lae Uivers itv of New York

Stony iB ,ook, Now York 11974

Ton 'bonT-barJ~m, n t'i le vacuum condi.tions is coc'ni C 1

known to depositi- 2abon the tarcot surface. It hais been

osr:dthat I~A q fo Pul nI x' miin ofq Cr layers

oLt i.on o_ ,ar ion m x-,

so In 'matO :i(rvcmae , acjCr + was fo'and

incPrrae ( :rs a nn -:~a Cr films d~'stdon Al, 7

5210J t'l

To help id.L.*n*' hese contaiminants andi do §±n-.

imr 1 antat ion- npin su : 7-Ict to eliminate. them 2 r i r"

work was ure.-~iia 'Ally t1-1root chamber, a control led

p-irtia-l. pressune- o 7-)C, a aidicr beam currents diffcrine.

hy, about an order o n'nt~e

SIMS analys7es for 13C incorporation following Cr +mixing, of

Cr_ CiS (,'Io ATSI-50 !to' have- been performed. They indica Led

tha ~ t Iat'.' rn :7Ie"'n: rteof qas molecules to Cr + ions of

to K I a ecessary to prevent the incorporit ic'n

of ~ ~ ~ ~ ~ m I - . a.a a V. t asn t ntotio.
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,Okv .o 4 ,.,.

751 o.
./ -2

707

... ... iS -" 2 " . " 25 "'' .O35""'
Xe3,cr I/uence 1 yO',ic 5/ 0 7 jt

Fig. 6. Fluence d ependence of oxygen recoil inpiantation
and oxygen enhanced xenon collection in silicon.

from K. Wittmciack and P. Blank,

Ion Implantation in Semiconductors,

Boulder (1976) , p. 363.
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SOLUTION: 0CI/M Buffered No CI
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0-
-5
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Fig. 10 Anodic polarization curves of internix 5~2100 bearing steel in

0.01 M1 NaCi solution buffered at pFH=( with cathodic pretreatment
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AD PO0 1662
"Mechanical Properties and Microstructure of Fe Alloys

Implanted With Ti and C"

7 D. M. Follstaedt
Sandia National Laboratories*
Albuquerque, New Mexico 87185 i 1

- Iron-based alloys imptnted with 'Ii and C arc of increasino:

inturest because of their favorable surface properties
(1- 3 )

Similar improved surface ;rop)(rties are found for alloys into

which onLy Ti w,: deliberate]': implanted, but which also acquir, !

C at the surface durinq the imolantation (
- Most notable Df

these- ,rourti(,s iir- reduced friction coefficients and wear dc ths

relative to valuus for the undmplanted surface. Friction is

typicl, ly rdclucod y,,v 50, ,in,! wear by up to 90, in unlubricaj.

in-on-dLsc tests when thc discs are implanted. Moreover, thes,

results :trke obtaiied on a wide range of steels (Knoop hardnessccr

from IR0 to 789) with both hard and soft pin materials (440C arw-

304 stainloss steels, respectively). Tests at other laboratoris

on 52100 bearinq steel show reduced wear and reduced friction

(3,7fdurinq lubricated testinq as well

It is of further interest to compare the mechanical test

results with Ti and C implantations to those with N implantation,

which is more commonly used. Studies of the latter treatment

demonstrate reducd .,r on mild steels, but results are mixed

nn 304 F; uinless strel and transformation-hardened steels. For

instance,, Type JO520 how no reduction in wear (3 7 )  Furthermot
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(3,7,B)
N implantation in most instances does not reduce friction

Thus surfaces alloyed with Ti and C appear very promising

for reducing wear, because of their applicability to many steels,

and also for reducing friction. While these effects have been

demonstrated on ion-implanted surfaces, alloys with the same

properties might be obtainable by other methods, such as sputter

or vapor deposition or ion beam mixing of deposited layers. Th,2

deposited layers offer the potential for thicker surface alluys,

which could extend the beneficial effects te greater wear dopth;.

Recent transmission electron microscopic (TEM) examination;

of f.c.c. 304 implanted with Ti and C show that the surface alloys
(9)

is amorphous . Furthermore, wear tracks on discs produced by

light in loads and showing reduced wear wore observed to have a

nearly continuous amorphous ]aver across the track ( 0 )  W ear

tracks due to heavier pin loads do not show reduced wear; no

amorphous layer and greatly reduced Ti contents wer t found in

these tracks. We have also run pin-on-disc tests with devitrificd

304 (Ti,C) ; these tests showed no reduction in friction, th,.

demonstrating that the amorphous phase is required --or this
(9)

. roTert,. Thus ill 0''idnce to date indicates that reduced

friction and wear are the direct result of the amorp-hous .hase

with Ti and C. The observed imorphization of b.c.c. Fe

f.c.c. 304 (9 )  and b.c.t. (martensite) 52100 (4 )  suggests that a

similar amorphous layer is formed on all the steels.

This work was performed at Sandia National Laboratories and

supported by the U.S. Department of Enci under contract

#DE-AC04-76DP00789.
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WEAR AND FRICTION SUMMARY

N IMPLANTATION

- OFTEN REDUCED SLIDING WEAR (BUT NOT 52100)

- USUALLY NO REDUCTION IN FRICTION

TI + C IMPLANTATION

- UNLUBRICATED REDUCED WEAR IN WIDE RANGE OF STEELS

(KNOOP HARDNESSES 180 - 789)

- UNLUBRICATED REDUCED WEAR WITH BOTH HARD (440C)
AND SOFT PINS (304)

- REDUCED ABRASIVE WEAR

- REDUCED LUBRICATED WEAR (52100)

- REDUCED UNLUBRICATED FRICTION (ALL STEELS)

- REDUCED FRICTION IN HEXADECANE

Ti + C SURFACE ALLOYS LOOK PROMISING, BUT

- Ti IS RELATIVELY MORE DIFFICULT TO IMPLANT

THAN N

- THIN IMPLANTED LAYERS (, 0,1 vM); Tr DIFFUSION

INWARD NOT EXPECTED,

I ION BEAM MIXING MIGHT BE USEFUL IN PRODUCING THICKER

LAERS WITH LOW ION FLUENCES OF READILY IMPLANTED

SPECIES.
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Figi.. 1I. a) indwatic crow section of the microstrucure observed by IM in

304(I,C). b) Bright field MY1 micrograph shoin rs uorptaz layer (light &ra

armS thickr (darker) area Whidh inlud~s U. crystaline, amtrate. c) uk; wptrm.+

SCHEMAMi OF 304 S.S.
IMPANTED WITH Ti AND C 'AS-

9UFACE- 
-

VI~OWISTAU?

AANTWU OU~SSO(1

SAfs all I/M.Iso heW

C3~ ~ ~~ I .OLK SLOPC 4I"C/002. DoheY

4pm 
O

from~ the airmrihms Layer. d) raz'k field TD4 microgr-aph in btddh txc pftrtice
in the stitrat. ame illtninatad.
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THERMAL EVOLUTION OF AMORPHOUS

304 S.S. IMPLANTED WITH Ti AND C

2x10 7 Ti/cm2

S..(180-90 keV)

V2x(10 17 C/cm2

(30 keV)
le15 minute

As Implanted 450 C anneals

I

' i ~' I. -o

5000 C 5500C 550 C

-- -- o-now

600'C 6500C 6500C

Fiur, 2. vE~c~r " .. ttern5 a dark field rncrographs shc.'ing tl ..

tJner~a ] i'". y " ,' * " , 3 P iC) Pje tureg were taken near the eml ot

1/4 Y,r.: . te' r u .
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MICROSTRUCTURE OF WEAR TRACKS IN
304 S.S. IMPLANTED WITH Ti AND C

23.6 gm Pin Load, Wear Depth 5 0.15 pm

44C Pin SEM
Unubricated

304 Disc _____

Implanted With TEM 10 Pm -

2 X 1017 Ti/cm2,

180-90 keV
and

2 X 10'7 C/cm2, '
30 keV
(--20 at % Ti and C)

*WEAR TRACK TD *S

IS A NEARLY
CONTINUOUS
AMORPHOUS

LAYER

a) SEM and b) TFN microrraphs from the same area of the wear track
made w.ith a 440C pin and 23.6 g lond. c) and d) Electron diffrac-
tion pattcrns from the airva7 indicnited In h).
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"High Dose Ion Implantation And

Corrosion Behavior of Ferrous Metals"

13. D. Sartwell* and N. S. Wheeler
Bureau of Mines, 4900 LaSalle Road

Avondale, Md. 20782

G. K. Hubler and E. McCafferty
Naval Research Laboratory
Washinqton, D. C. 20375

C. P. Clayton
State University of New York
Stony Brook, Now York 11794

There are two possW', to _tr;hes o . vl':inq ior. imi,,lan-

tition to the modificati :i .- i *hc corrosic,n Lehavior of metals

aInd a lo s. The 1 irst 1: : Io l is to use iCn imo] antnt_. t -

ru(,lucO intastabl(u or -h,,,s ,-rosin--resistant su!-fac'

alloys that are iCIccrsi,. .. * c nr tior:] mr tallur,':ic I

techniques, and to apply ther to specific a,:plications whCre

corrosion is a severe problem. Secondly, and of a more funda-

mental nature, ion implantation can be used to introduce con-

trolled amounts of various elements into the surface of a metal

as part of a research effort to identify the mechanisms responsi-

ble for certain forms of general and localized corrosion. The

technique of al'oying to produce more corrosion resistant materials

is wide],y used and the choice of a particular alloyinq element is

usually based on the fact that it will enhance the formation of a

passive film or will reduco the rate of the various cathodic pro-

cesses that occur on the metal's surface. It is also possible to
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reduce the over. I I. -olt-osion rate by introducing an element that

dis'ola-vs r~iwid caitho(Iiu i. ae -, but it is essential Lhat thc

ori(3inal mterial passivaite in the crsveervironment that is

be i fO0f i er

Aiueuuc; (J'rlro:;I OF jprloceds throurqh an clectrochemical 'rh

'111SML-' CI'ItI t'11, At V L! Pu ty;_)eS Of electrocheMical techoiqeej_'s

used t,)vI thc c-erosion :esistance of alloys. L inea i

po 1-1 ai I t I- ' 1 11 iox et r poIlt ioCn ha ve ) (1 bee used co

-T Ii U I-fP 1 V ST 1-n1C 0lov U~me 11CiV I(

i mr lan ,,t,t io-n. 'ilV irs*t int-,ukjs corrosio)n r,7tu of the, Fo-Plb

a]. l','sto 1o' ~ >:r>:lmteiy 3 to 4 times I ow -r th,!,-

t hit r) )uvp i hen r,. 'I fir this is i decrease in the

hvdon.:c! density caused I)% the oDresence of thc-

ic-a, '~' of'rLW-hyIdr oqen cvolution rocction.

Thu o' i -,h :1'. -Ti alloyrs was aorxmtLy W(

times hi - At're'. or analysis of th 0 F-T

alIlIoy he i t litc -,c I so lut ion ind icated that Tri C

ta,~ he i o rnctI tK 314 nm f rom the surface. S NI

'In' I ",:; iV trchmJa tests rovealed the rs:

oAf sq'uat11 - A tc.ceo :,i*s , a morphology which is usually

aSSOciated'( With inCIlusionl etch pits. Thus, it is proposed that

the :UOIC : ts ny hve benformed as TiC precipitates were

'lb- one. . v O 7>00 mminto iron reduces the

Wt:ar.odr o mi-qi intude by,, erhancinq the rate

of~~~ -;()1'itio in '' out ion. The corrosion rate 41s

ii r~n; jrd : hvr, hwovrthar. that observed for an
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amorphous Fe9 0 Zrl coating even though the near-surface concen-

tration of Zr in the implanted sample was estimated to be 20 to

30 atomic percent.

The implantation of Ti into 52100 steel results in the

formation of an amorphous Ti-Fe-C surface, which provides

modest improvements in corrosion resistance in 1 N 112 04 ond

0.1 N NaCI. The anodic current density in both solutions is

ibout 10% that of unimplanted 52100 steel , up to an anodic o'.-<r-

potrntial of about 800 mV. Pittinq, which is initiated at low

0v, r;otontials, leads to undermining of the irrj ]anted ]a\-r ,.

its eventual peeling off at higher potentials. Detailed optical

and surface analytical studies show that the pittino initiates

at surface flaws, which are most likely surface carbides or oxide

i! I I.1 I ns. Galvanic act-ion I-'tween fr-e T i be, n th the :,i t , i

jro.ehous film and Fe in the bulk steel thus lads to unaermi

,I th, !_U'o.hous layer.

Th,' effect of the imulanto tion of varicus ions on the ;,it-

ting corrosion resistance of 52100 steel in a 0.02M NaCI solution

has been investigated. Molybdenum implantation provided very

little impi-ovements; however, a combination of ,th chromium

and molybdenum significantly increased the breakdown potential

for initiation of pittinq corrosion. Finally, tantalum imrlantati'n

r[o.vd to be the most effective in protectina the surface of the

52100 from pitting corrosion.

PIrs,-nt Add-ess: Naval P.:; arch Laboratory, Cole 00D75, Washin ton,

D.C. 20371.
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TABLE 1. - Corrosion rates, expressed in mils/year, in 0.1 N H-50

for several difterent metals and ion-implanted allovs

using two different test methods, Tafel extrapolation

and three-point linear polarization

Test Fe Fe-Pb Pb Fe-Ti Ti

me ti.od

Tafel

extrapolation.. 50±2 12±2 0.42±0.lq 96±22 0.690.04

Linear

polarizatLon... 32±0 16+10 (1) 55±47 0.9±0. S2

'Could not measure corrosion rate due to cathodic Tafel slope being

indeterminate.
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FIGURE 9 . Potentiodynamic anodic polarization data produced in buffer solution of pH6 cortanipp
0.O1M NCI for 52100 steel, and for 52100 steel implanted with molybdenum (3.5 x l03
ionu/cm2 , chromlum (2 x 1017 ions/cm2 at 150 keV), chromium plus molybdenum
(2 x 101 Cr/cm 2 at 150 keV. 3.5 x 1016 Mo/cm2 at 100 keY), and tantalum (1 x 1017
ions/cm2 at 150 keV). The curves indicate that tantalum was most effective in
rrntctinr thf nz;rfn- fror Diltinr corrosion.

Cr
E61000

Mo, Cr

Cr UNIMPLANTED

Z Ta

S100 
--

10
+1000 +500 +250 0 -250 -500

POTENTIAL (mV)

149



"Ion Beam-Enhanced Deposition and

NIonized Cluster Beam Deposition"

J. K. Ifirvonen

Zymet, Inc.
Danvers, Massachusetts 01923

A. ION BEAM-ENHANCED DEPOSITION ,

(SEE, PRANEVICIUS, WEISSMANTAL, COLLIGON, CUOMO, OTHERS?)

1. MAJOR FEATURES.

- TRANSCENDS ADVANTAGES OF CONVENTIONAL COATING

PROCESSES AND ION IMPLANTATION

- ALREADY DEMONSTRATED:

• "DIAMONr-LIK" CARBON (I-C) QUASI-AMORPHOUS

Q CUBIC BORON NITRiDE

H-SI

- ADVANTAGES:

• NO LIMIT TO COATING THICKNESS

" CONTROLLABLE STOICHIOMETRY

6UPERIOR ADHESION-,

* HIGH-DENSITY COATINGS

• LOW-TEMPERATURE PROCESS -

2. APPLICATION TO1VEAR- AND CORROSION-RESISTANT COATINGS.

EXAMPLES:

TI, HF, SI + N ) TIN, HFN, SI3N4

PVD + IONS - ENHANCED COATINGS

15)



THE ION BEAM:

" PROVIDES CHEMICAL DOPING , AND

" PROMOTES NUCLEATION AND KINETICS OF FILM

GROWTH TO HIGH-TEMPERATURE REGIME WHILE

SUBSTRATE REMAINS AT LOW TEMPERATURE

3. VARIABLES TO BE STUDIED.

*OPTIMUM FLUJXES OF IONS AND DEPOSITED ATOMS

*CHARACTERIZATION OF MICROSTRUCTURE

*EFFECT OF ION SPECIES AND ENERGY ON

THIN-FILM STRUCTURE (100 EV - 10 KEV)

*MECHANICAL INTEGRITY OF COATING

B. IONIZED CUSTER BEAM DEPOSTION

(SEE, T, TAKAGI, 19TH UNIVERSITY CONFERENCE ON CERAMIC

SCIENCE, NOVEMBER 8-10, 1982, JANE S. MCKIMMON
CENTER, NORTH CAROLINA STATE UNIVERSITY, NORTH

CAROLINA)

1. MAJOR FEATURES,

-ABILITY TO ADJUST AVERAGE ENERGY PER DEPOSITION

ATOM OVER 0.01 - 100+ EV RANGE

-EFFECTIVE CONVERSION OF CLUSTER KINETIC ENERGY TO

ADATOM SURFACE ENERGY DUE TO SNOWBALL EFFECT

-INHERENT CLEANSING ACTION BY SPUTTERING AND MICRO-

SCALE HEATING

-ENHANCED REACTIVE PROCESSES DUE TO IONIC CHARGE

PRESENCE



2. TECHNICAL PROSPECTS.

- BULK MATERIAL PROPERTIES

- CONTROL OF MORPHOLOGY

- SELECTION OF GROWTH STRUCTURE

- HIGH TEMPERATURE EQUIVALENT PROCESSES AT LOW

TEMPERATURE

- PROCESS CLEANLINESS

- EFFICIENT REACTIVE FORMATION

- CONVENIENT DOPING

- QUANTITATIVE PARAMETERS

- AUTOMATION

- CLOSED-LOOP CONTROL

- MATERIAL USE EFFICIENCY

- CURRENTLY R&D APPLICATIONS

- SCALE UP CAPABILITY

- VERSATILITY

F~jurt: Captions

Figure 1 ion beam-enhanced deposition.

Fiqure 2 Ionized cluster beam deposition.

Figure 3 Cluster impact phenomena.
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"Ion Beam Mixing Research At Westinghouse"

R. Kossowsky and R. R. Jensen
Research and Development Center

Westinghouse
Pittsburgh, Pennsylvania 15235

The program on ion implantation and ion beam mixing has

concentrated on three areas of major applications: improvement

of wear properties, specifically cemented carbide tools; oxidatien

resistance for gas turbine appl ications; and bondin, of mct:f.l to

cora ric s.

The first slide lists the major species we have been expcri-

menting with ("Recoil Implantation Areas").

To allow a routine of recoil implantation, the, -)crtirent

,.aran:etcrs should be known. Our simnle minded -jiew of rIc.;I i-

shown in the next two vu-graphs ("Coating - Substrate" a:n,

"Solution"). We assume a modified diffusionai mixin g where

balance has to be obtained among the various processes, i.e. -

rate of surface recession by sputtering (V) and the forward metion

of the mixed ion by an effective diffusivity, D, and is defined

as the ;puttering efficiency, :, is the dose and -the atomic

voIum. The "Solution" page shows that the problem is reduced

to solution in terms of one parameter - c%, D , where W is the

th ick nss of the deposited film.

The Lext three graphs ("b<ocoil Implantation Concentration

Profiles" for Cr, Mo, Cr) show typical calculated recoil profiles

1 ), 6



for Cr recoiled with three different gases, with the parameter :

decreasing, respectively from 0.58 to 0.28. This demonstrates

that the best mixing of Cr is to be obtained with N gas.

The last set of slides ("Metal-Glass Bonding", "Au on Sio 2 -

evaporation, sputter der-osittd, and flat faced pins glued o.n

implanted and unimplanted Au films") show a progression of an

experimental proqram to no!,ci Au to glass. The glass is siani'i-

cantly weakened by the process of recoil.

The last slide ("Recoil implantation of Carbon ... ") shows

an expected result re-incorporation of carbon into the matrix

of steel during N implaintation due to ambient residual carbon

on the surface.
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RECOIL IMPLANTATION AREAS

$pecies Implanted Substrate

B steel

Y Ni-Cr-Al alloys

Cr Cu

Ti wc

Cr WC
Hf Vic

rNi Si 2
N1 Si3N
Au S102
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COATI NO SUBSTRATE

1-

Cw
0-10

3c v c D c
aC)a ax z

.C. c(Xo) -
0 X>w

B.C. -c(X,t)3K lx=o
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RECI.!MPLFN1T$;!Otj CCNJCF.NTR$R'ON PRDF!LEE

Deposited at=-. Cr
Nombg itIo:I at 100 k*V
Flux - 10 4~ 3fricalIm se) 1aJ[ 2J
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nfGURL 2
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METAL- GLASS BONDIN&
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Au on S10 2

Experiment:

-500 A Au evaporated onto S102

-Ar ion implanted to 1 x 1016 ions/cm
2

0+ 100 keY

Results:

-Unimplanted Au film easily removed by single
adhesive tape test

-After implantotion, Au film adherent, unaffected
by multiple tape tests

-Au film sputtered nonuniformly during Implantation
due to poor Initial adherence of film

165
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Au on SIO 2

Experiment:

-500 A Au sputter deposited on S102

-Si0 2 precleoned In-situ by sputter etching

-Ar+ ion Implanted to I x 1016 ions/cm2 at
100 keV

Results:

Both Implanted and unimplanted Au films strongly

adherent. Impossible to remove either film with

any type of tape,

166
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Au on S10 2

Experiment:

-Flat faced pins glued on implanted and unimplonted

sputtered Au films,

-Pins pulled in tension to test adherence of films

Results:

Failure Stress

(Averaqe of five tests)

Unimplanted Implanted

814 142 Psi 308 ± 88 Psi

Glue failure Glass fracture

In both cases, film not removed fron S10 2,

167
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RECOIL IMPLANTATION OF CARBON

INTO 304 S BY N+

100 3 (Io 7 N Yc rn "
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